The exact superconducting phase of K2-xFe4+ySe5 has yet conclusively decided since its discovery due to its intrinsic multiphase in early material. In an attempt to resolve the mystery, we have carried out systematic structural studies on a set of well controlled samples with exact chemical stoichiometry 3) that are heat-treated at different temperatures. Our investigations, besides the determination of superconducting transition, focus on the detailed temperature evolution of the crystalline phases using high resolution synchrotron radiation X-ray diffraction. Our results show that superconductivity appears only in those samples been treated at high enough temperature and then quenched to room temperature. The volume fraction of superconducting transition strongly depends on the annealing temperature used. The most striking result is the observation of a clear contrast in crystalline phase between the non-superconducting parent compound K2Fe4Se5 and the superconducting K2-xFe4+ySe5 samples. The x-ray diffraction patterned can be well indexed to the phase with I4/m symmetry in all temperature investigated. However, we need two phases with similar I4/m symmetry but different parameters to best fit the data at temperature below the Fe-vacancy order temperature. The results strongly suggest that superconductivity in K2-xFe4+ySe5 critically depends on the occupation of Fe atoms on the originally empty 4d site.
Introduction
The cuprates and Fe-based high Tc superconductors turn superconducting when their parent compounds are properly doped. The similarity of these superconductors, in which superconductivity emerges with the suppression of competing phases, has created the possibility for a unified picture of high temperature superconductivity [1, 2] The iron-based superconductors all have FeAs or FeSe layers, just as the CuO2 layers, are the crucial ingredients for superconductivity [3] [4] [5] . It is generally believed the quasi-two-dimensional characteristics of these active layers and the proximity to magnetically ordered states induce superconductivity via unconventional pairing in these high Tc materials. However, the parent compounds of the Fe-pnictide superconductors are metallic with SDW antiferromagnetic order and with complex underlying electronic structure. This fact, in contrast to the Mott insulators in the cuprates, establishes an important difference between cuprates and pnictides. [6, 7] .
On the other hand, the earlier works on FeSe superconductor considered this material to be Sedeficiency [8] so that the exact superconducting stoichiometry was Fe1.01Se [9] . Superconductivity in FeSe was found to closely associate with a structural transition [8, 10, 11] , which accompanies with a strongly enhanced spin fluctuation near Tc [12] . More spectroscopic studies [13] [14] [15] [16] [17] suggested modification of d-orbitals induced pseudogap might be the cause for the structural distortion, which is essential for superconductivity. Later studies indicate that there exists a parent compound [18] , which in contrast to having excess Fe is actually Fe-deficient and is a Mott insulator. The material becomes superconducting after properly annealed this Fe-deficiency material at high temperature [19] .
An important development in Fe-based superconductors is the discovery of the relatively higher Tc in alkaline-metal (A) intercalated FeSe with nominal composition A0.8Fe2Se2 [20] . The nominal A0.8Fe2Se2 sample was considered to crystallize in the tetragonal ThCr2Si2-type structure, which is isostructural to BaFe2As2 system. There were long-term debate regarding the exact superconducting phase in this material. One group claimed the superconducting composition is identified as K0.83(2)Fe1.64(1)Se2 with enlarged √5x√5x1 crystallographic unit cell due to Fe-vacancy order [21] . The ideally Fe-vacancy order phase has a chemical stoichiometry of K0.8Fe1.6Se2 (K2Fe4Se5, referred to simply as ''245'' in the following), which order antiferromagnetically below 559K. The second group proposed that stoichiometric KxFe2Se2 phase (which was indexed from x-ray diffraction to exist with about 13% in volume) is the superconducting phase in the matrix of the insulating AF 245 phase [22] [23] [24] [25] . The third group suggested that superconductivity arises due to the interface between the iron vacancy ordered and free phase [26, 27] . Bao et al. has argued strongly that the antiferromagnetic order phase is the origin for superconducting phase [21, 28] , and slightly excess Fe is critical to the stability of the superconducting phase [29] . It was noted that the Fe-content of the superconducting samples KxFe1.6+ySe2 is slightly off-stoichiometry compare from the parent compound 245 [30] [31] [32] [33] [34] , which seems to play a significant character for the onset of superconductivity.
In our earlier study [35] , we identified the ideally Fe-vacancy order 245 phase to be a Mott insulator with a block checkerboard antiferromagnetic (AFM) ordered below 559 K [21, 36] . We also reported unambiguously that superconductivity could be induced with adding small amount of Fe to fill the vacant site plus strong disorder of the Fe-vacancy. It was noted that processing temperature has decisive effects on the properties of the samples. Superconducting transition only appears in those samples that have been annealed at high temperature and then quenched. Annealed the superconducting sample at low temperature (< 400C) gradually suppressed superconductivity with annealing time. The results showed that superconducting to non-superconducting state can switch back and forth in the same sample by changing the heat treatment process. We concluded that the observed facts strongly indicate superconductivity emerges as Fe-vacancy becomes disordered.
In order to understand better the effect of annealing conditions to superconductivity, we carried out detailed systematic study on a series of samples with stoichiometry K2-xFe4+ySe5 which subject to various annealing temperatures. We also took the advantage of the high-resolution x-ray diffraction in the National Synchrotron Radiation Research Center (NSRRC) with in-situ high temperature measurements. Our results revealed that the superconducting volume fraction, even with the same chemical stoichiometry, depends strongly on the annealing (and quench) temperature. There is a critical anneal temperature below which the superconducting volume fraction is close to zero. The high-temperature in-situ X-ray diffraction results further provide evidences that the random occupation of the original vacant-site is the key to superconductivity.
Experimental
Polycrystalline bulk samples were synthesized using a novel approach as described elsewhere in detail [35] . DC magnetic susceptibility measurements were performed in a Quantum Design superconducting quantum interference device vibrating sample magnetometer (SQUID-VSM). The Synchrotron X-ray diffraction of samples were performed at BL01C2, BL17A and TPS09A beamline of the NSRRC. The ring of NSRRC was operated at energy 1.5 GeV with a typical current 360 mA. The wavelength of the incident X-rays was 0.61993Å, 1.3216Å and 0.77491Å, delivered from the 5 Tesla Superconducting Wavelength Shifter and a Si(111) triangular crystal monochromator. Two pairs of slits and one collimator were set up inside the experimental hutch to provide a collimated beam with dimensions of typical 0.5 mm x 0.5 mm (H x V) at the sample position. The diffraction pattern was recorded with a Mar345 imaging plate detector approximately 400 mm from the sample and typical exposure duration 1 min. The pixel size of Mar345 was 100 m. The one-dimensional powder diffraction profile was converted with program GSAS II and cake-type integration. The diffraction angles were calibrated according to Bragg positions of LaB6 standards.
Results and Discussion
Figure 1 (a) shows the X-ray diffraction pattern of three K2-xFe4+xSe5 samples with x ranging from 0.1 to 0.2. The inset displays the relevant magnetic susceptibility of the samples. The magnetic data indicates the superconducting diamagnetic signal diminishes with reducing K-content, almost no diamagnetic signal in K1.8Fe4.2Se5. Meanwhile the X-ray diffraction patterns show no additional peaks, which have been associated with the extra KzFe2Se2 phase by other groups [22] , in this nonsuperconducting K1.8Fe4.2Se5 sample. Based on this observation one would consider superconductivity might originate from this extra KzFe2Se2 phase. However, examining closely the details X-ray and magnetic data of two K1.9Fe4.2Se5 samples, as shown in figure 1 (4)5) and excess-Fe K1.9Fe4.2Se5 (2(4.2)5) samples. Both the warming and cooling cycles exhibit no difference in the diffraction patterns, as shown in Figure 2 . Figure 2 (a) illustrates the significant shifts in diffraction peaks (008) and (051) at 275℃ in warming, which are the indication of the transition from the Fe-vacancy order to disorder state (see fig. 5(a) ). A large hysteresis showing the transition temperature was reduced to 240℃ in cooling cycle. Below the transition temperature, the material exhibits clearly Fe-vacancy order of I4/m symmetry with √5x√5 superlattice; and above the order temperature the crystal symmetry seems to fit well to I4/mmm symmetry. In addition, the super-structural peaks related to the vacancy order state completely disappear above the ordering temperature. However, since the chemical stoichiometry of the sample is exactly 245, it was a puzzle to us how can the high temperature phase belong to the high symmetry I4/mmm space group as there is 20% Fe-deficiency? Thus, we tried to fit the diffraction pattern with I4/m symmetry considering that the high temperature phase Fe could occupy both 16i (fully occupied) and 4d site (originally empty site). The fitting was almost perfect and the resulted lattice parameters are shown in supplementary result table SI, which is almost identical to that fitted with I4/mmm. This result indicates the crystal structure of 245 could be well described by single phase with I4/m symmetry even above 275℃ [29] .
It was to our surprise when we first saw the temperature dependent diffraction patterns of the excess-Fe sample that exhibits bulk superconductivity, as shown in figure 2(b) , which show essentially no shift in all diffraction peak positions (main phase) throughout the whole temperature range. More carefully examined the diffraction patterns, as shown in figure (2b) and 3, some additional peaks appear below the vacancy-order temperature at 270℃ during warming. The data for 2(4.2)5 sample are found to best fit with two different sets of parameters, one with Fe-vacancy ordered and the other disordered Fe-vacancy, under the same I4/m symmetry (as shown in supplementary result table SII). Figure 3(c) show the schematic atomic arrangement of the plane (132) in the vacancy ordered and disordered states. The d-spacing for disordered state is about 2% larger than that of the ordered state. These planes are all crossing the Fe-4d site, as exemplified by the schematic plot in figure 3 (d) . This result indicates that the presence of excess-Fe atoms shall begin to fill the original empty 4d sites (construct the disorder phase). Thus, additional planes with the same Miller index show up. Our analysis show that the difference in d-spacing of these new features, displayed in figure 3 (b) , with the original peaks is at most 2%. These additional features disappear above the vacancy order-disorder transition temperature, but keep the diffraction peak positions (Fe-vacancy disordered phase) unchanged (see fig. 2(b) ). This observation suggests that the added excess-Fe atoms play critical role to maintain the crystal lattice (size) with the I4/m symmetry as that of the vacancy ordered state. Above the vacancy order temperature, the lattice remains with the I4/m symmetry but with disorder occupation of the Featom to all possible Fe-site so that the additional features (Fe-vacancy ordered phase) disappear.
We have also tried to fit the observed diffraction patterns by considering whether there exists an orthorhombic symmetry as it is known that for tetragonal symmetry, the peak of (hkl) and (khl) are at same diffraction angle because a=b, whereas for orthorhombic symmetry, the peak of (hkl) and (hkl) could be at different diffraction angle because a≠b. Detailed analysis of the data suggests that a monoclinic 245 structure with I112/m symmetry, using the lattice parameters: a = 8.6Å, b = 8.72Å, c = 14.2Å and = 90°, could generate most of the diffraction peaks observed (as shown in supplementary result figure S1 ). Though the diffraction peaks seem to fit well with the observed results, the overall fit was relatively poor regarding the peak intensity, which is known to depend on the number, position, and specie of atoms.
Based on the above observations, one might expect even in the stoichiometry 245 sample to observe Fe atoms occupied the empty 4d site if the sample has been treated at high enough temperature so that Fe atoms could hop around. Indeed, the high-resolution x-ray diffraction patterns of the 245 sample quenched from 800 o C, as shown in figure 4 , display extra peaks similar to those observed in excess-Fe samples (refined lattice parameters are shown in supplementary result table SIII). Meanwhile, the magnetic susceptibility data shown in the inset of figure 4 (reproduced with permission from ref. 35 ) exhibits clearly diamagnetic signal indicating the presence of superconductivity though its volume fraction is rather small. These results demonstrate that the occupation of the 4d-site meanwhile maintain the crystal lattice (size) plays a key role for the emergence of superconductivity. It is noted that there is a significant temperature hysteresis in the vacancy order-disorder transition as on cooling the additional features do not appear until below 240℃ suggesting this transition is first order thermodynamically.
To clarify further the role of the extra Fe-atom to the crystal lattice, two more samples were prepared for detailed studies: K1.9Fe4.05Se5 and K1.9Fe4.25Se5. As shown in Fig. 5 , the changes in diffraction peak positions of (0 0 8) and (0 5 1) for K1.9Fe4.05Se5 sample clearly are less significant comparing with that of the 245 sample; and for K1.9Fe4.25Se5 sample, essentially the same as that of the K1.9Fe4.2Se5 sample, the peak positions do not change with temperature. These results further confirm that extra-Fe atoms begin to fill to the empty 4d-site and stabilize the structural phase I4/m symmetry so that the lattice size maintain the same above the order-disorder temperature. By comparing with the parent compound, the extra-Fe sample exhibits much weaker super-structural peaks such as the (222) peak, which almost disappears at room temperature. This demonstrated the addition of extra-Fe suppresses the Fe-vacancy long range order. Consequently, this modification suppresses the magnetic order, which accompanies with the vacancy order, to favor the emergence of superconductivity.
Our experimental observations further confirm that superconductivity in K2-xFe4+ySe5 is not due to the impurity phase (K0.5Fe2Se2), which have been suggested based on the x-ray diffraction features that coincide with what we observed in the excess-Fe samples. Our results unambiguously demonstrated that the random occupation of Fe-atom in the lattice is key for superconductivity. Nevertheless, the exact origin for superconductivity remains to be resolved. Several questions remain to be answered, such as why superconducting volume fraction in the excess-Fe sample depends on the annealing and quenching temperature? We are currently working on the detailed refinement of the X-ray diffraction data that collected with wide temperature range. A very preliminary result indicates that a more subtle high temperature structural distortion might be closely related to the appearance of superconductivity. Details of these results will be published in the near future.
Summary
In summary, in this detailed X-ray diffraction experiment over wide-range of temperature, we have showed that the superconducting K2-xFe4+ySe5 samples with excess-Fe atoms exhibit the same structure with I4/m symmetry throughout the whole temperature range studied. The observation of extra features, which have been considered by others as the presence of impurity phase associated with the I4/mmm symmetry, actually were an in-plane compressed I4/m lattice with Fe-vacancy ordering. The occupation of the Fe-4d site and eventually more randomly distributed of the Fe-atom are critical to the emergence of superconductivity. Therefore, the main conclusion of this study further confirms that superconductivity in K2-xFe4+ySe5, very much similar to that observed in high Tc cuprates, derived from the doping (add extra Fe) to the parent Mott insulator K2Fe4Se5. The more disorder of the Fe occupation in the I4/m lattice leads to higher volume fraction of superconductivity.
A more detailed refinement of the high temperature diffraction data is currently undergoing extensively in order to unravel the exact origin for the appearance of superconductivity in this intriguing FeSe based superconductor. Left cell is Fe-vacancy ordered phase and right cell is disordered phases. In the Fe-vacancy order phase, the mirror image of Fe2 (16i) layers is according to magnetic moment orientation [21] . In disordered phase shows the c-axis is compressed, and ab-plane is expanded. (f) Schematic of mix structure which included both ordered and disordered phases. The black boxes outline the I4/m unit cell. The iron vacancy-site (4d) is marked by the hollow symbol and Fe(16i) site is marked by the khaki (black) color. K and Se atoms are not shown in the plot. 
